We study the bottomonium spectrum in the nonrelativistic quark model with the coupled-channel effects. The mass shifts and valence bb component are evaluated to be rather large. We find that the hadronic loop effects can be partially absorbed into a reselection of the model parameters. No bottomonium state except Υ(5 1 S 0 ) and Υ(5 3 S 1 ) with mass around 10890 MeV is found in the quark models both with and without coupled-channel effects, so we suggest that Y b (10890) is an exotic state beyond the quark model, if it is confirmed to be a new resonance. The predictions for the χ b (3P ) masses are consistent with the ATLAS measurements. If some new bottomoniumlike states are observed at LHCb or SuperB in the future, we can determine whether they are conventional bottomonium or exotic states by comparing their masses with the mass spectrum predicted in our work.
I. INTRODUCTION
In past years, the spectroscopy of heavy flavor quarkonium has seen great progress, particularly the charmonium spectrum. Many charmonium-like states (such as X(3872), Y (4260) and so on) with remarkable and unexpected properties have been reported. These exotic states present great challenges to our understanding of the structure of heavy flavor quarkonium and quantum chromodynamics (QCD) at low energy, for a review, see Refs. [1] [2] [3] [4] .
On the other hand, many bottomonium states have been reported as well. In 2008, the spin-singlet pseudoscalar partner η b (1S) was found by the Babar Collaboration with mass M = 9388.9 +3.1 −2.3 (stat) ± 2.7(syst) MeV [5] . The Υ( 3 D J ) was discovered in 2010 in the π + π − Υ(1S) final state with mass M = 10164.5 ± 0.8(stat) ± 0.5(syst) MeV [6] . In addition, the Babar Collaboration reported the P-wave spin-singlet h b (1P ) via its radiative decay into γη b (1S) with mass M = 9902 ± 4(stat) ± 1(syst) MeV [7] . This state is confirmed by the Belle Collaboration [8] , and its mass is measured to be M = 9898.25 ± 1.06(stat)
+1.03 −1.07 (syst) MeV. Meanwhile, the radial excitation state h b (2P ) was also found by the Belle Collaboration with mass M = 10259.76 ± 0.64(stat) +1.43 −1.03 (syst) MeV [8] . Recently the ATLAS Collaboration has reported the discovery of the χ b (3P ) state through reconstruction of the radiative decay modes of χ b (3P ) → Υ(1S, 2S)γ, and its mass barycenter is measured to be 10.539 ± 0.004(stat.) ± 0.008(syst.) GeV [9] . In particular, the Belle Collaboration has observed an enhancement in the production process e + e − → Υ(nS)π + π − (n = 1, 2, 3) [10] . The fit using a Breit-Wigner resonance shape yields a peak mass of [10888.4 +2.7 −2.6 (stat) ± 1.2(syst)] MeV and a width of [30.7 +8.3 −7.0 (stat) ± 3.1(syst)] MeV. In the following, we shall denote this state as Y b (10890). Moreover, the Babar Collaboration measured the e + e − → bb cross section expect that more heavy bottomonium states including the possible exotic extensions will be observed in the future.
Motivated by the above exciting experimental progress in bb states, we shall carry out a careful, detailed study of bottomonium spectroscopy in this work, notably the poorly understood higher-mass bb levels. Thus, we can determine whether future observed bottomoniumlike states could be accommodated as canonical bb states by comparing their masses with the mass spectrum predicted in this work. It is well-known that simple potential models, which incorporate a color coulomb term at short distances, a linear scalar confining term at large distances, and a Gaussian-smeared one-gluon exchange spin-spin hyperfine interactions, have been frequently used to describe both the charmonium and bottomonium spectrums. Generally, the mixture between the quark model bb basis states and the two-meson continuum has been neglected in these models, which are called "quenched" quark models.
The effects of the "unquenched quark model" including virtual hadronic loops have been studied extensively in the framework of the coupled-channel method [15] [16] [17] [18] [19] . The hadronic loop has turned out to be highly non-trivial, it can give rise to mass shifts to the bare hadron states and contribute continuum components to the physical hadron states. The possibility that loop effects may be responsible for the anomalously low masses of the new narrow charm-strange states D * s0 (2317) and D s1 (2460) has been suggested by several groups [20] [21] [22] [23] . The hadronic loop in charmonium has been explored as well, and the mass shifts and continuum mixing due to loops of D, D * , D s and D * s meson pairs have been studied extensively [24] [25] [26] [27] [28] [29] [30] [31] . Both the mass shifts and the two-meson continuum components of the physical charmonium states were found to be rather large. In particular, a J P C = 1 ++ state with mass about 3872 MeV could possibly be generated dynamically.
Inspired by the large physical effects of hadronic loops in both the D sJ and charmonium states, we expect that the virtual hadronic loop should also play an important role in bottomonium spectroscopy. In this work, we shall study the bottomonium spectrum in detail, and take the hadronic loop effects into account. This paper is organized as follows.
We present the framework of the coupled-channel analysis in section II. The non-relativistic potential model is outlined in section III. Section IV is devoted to the numerical results for the masses of the bottomonium states with and without hadronic loop effects, as well as phenomenological implications. We present our conclusions and discussion in section V. In bottomonium, the process (bb) → (bn)(nb) via light quark pair nn creation would induce the hadronic loop shown in Fig.1 , the same convention will be used henceforth without speci?cation. Since the open-flavor decay couplings of bottomonium states to two-body BB final states are large, the resulting loop effects should be important. This kind of virtual hadronic loop is universal, but it is not usually included in quark potential models and is only partially present in the quenched lattice QCD. The coupled-channel model is an appropriate framework for analyzing these hadronic loop effects [15] [16] [17] [18] [19] . In the simplest version of the coupled-channel model [25] , the full hadronic state is represented as
II. FORMALISM OF COUPLED-CHANNEL ANALYSIS
with the normalization condition α |c α | 2 + BB d 3 p|χ BB (p)| 2 = 1. |ψ α denotes the bare confined bb states with the probability amplitude c α , φ B (φB) is thebn(bn) eigenstate describing the B(B) meson, and χ BB (p) is the wavefunction in the two-meson channel |φ B φB . The wavefunction |Ψ obeys the equation
where H 0 is the Hamiltonian for the valence bb system, with the eigenstates determined 
Substituting Eq. (3) and Eq.(4) into Eq. (2), we get the system of coupled equations for c 0 and χ BB (p),
This coupled-channel equation can be solved straightforwardly, and we finally obtain the master equation
Here Π BB (M) is the self-energy function for the hadronic loop induced by the intermediate states B andB, it is explicitly given by
Using the relation between the helicity amplitude h 0 BB and the partial wave amplitude M LS [32] , we have [26, 27, 30] . The squared absolute value |c 0 | 2 is proportional to the probability that the physical energy eigenstate is in the bb configuration, and the bb component is given by
In this work the effects of virtual hadronic loops will be considered in the above framework, 
III. NON-RELATIVISTIC POTENTIAL MODEL
We use the standard non-relativistic potential model to describe the bare valence bb states. Its Hamiltonian is of the form
where m b is the bottom quark mass, V cou (r) is the well-known color-Coulomb force, and V con (r) denotes the linear confinement potential. To restore the hyperfine and fine structure of the bottom spectrum, one needs to introduce the Fermi-Breit relativistic corrections term V sd (r), which includes spin-spin, spin-orbit and tensor force. This is explicitly given by
where V SS (r), V LS (r) and V T (r) are spin-spin, spin-orbit and tensor operators respectively, and V SS is the contact hyperfine interaction,
where S b is the spin of the bottom quark and Sb is the spin of the anti-bottom quark. The
Gaussian smearing of the hyperfine interaction is introduced here,
The spin-orbit term is given by
where S = S b + Sb is the total spin, and L is the relative angular momentum between b and b. Finally, the tensor term is
where T bb is the well-known tensor force operator,
The spin-dependent term V sd is relativistically suppressed with respect to V cou and V con , it is generally treated using leading order perturbation theory.
IV. PREDICTIONS FOR THE BOTTOMONIUM SPECTRUM
The interaction Hamiltonian H I , which couples the bare valence bb with the two-body BB continuum, is an essential element of this formalism. In this work, we shall use the well-established 3 P 0 model [33] [34] [35] [36] to describe the mixing between the bare bb state and the open bottom meson pair bq and qb. The 3 P 0 model assumes that the Okubo, Zweig, and Iizuka (OZI) rule-allowed strong decay takes place via the creation of a quark-antiquark pair with J P C = 0 ++ from the vacuum. Thepair production is described by the Hamiltonian,
where ψ q is the Dirac quark field. Following the conventional calculating method in 3 P 0 model, one can then straightforwardly evaluate the valence-continuum coupling matrix el-
. Here we will use simple harmonic oscillator (SHO) wavefunctions for the involved mesons, with a universal oscillator parameter β. The SHO wavefunction enables analytical calculation of the transition amplitudes, and it turns out to be a good approximation. In Appendix A, we present the analytical 3 P 0 amplitudes M LS for two S-wave final state channels. Since the oscillator parameters of the initial and final states are different in these analytical expressions, for an initial state of higher radial excited bottomonium, we can obtain the required transition amplitudes by simply taking derivatives, as is shown in Appendix B. Here we will take the typical values β = 0.4 GeV for numerical calculations, this value was frequently adopted in the literature [36] [37] [38] [39] , and it turned out to be a reasonable zeroth-order approximation in coupled-channel calculations as well [27] .
The parameter g has the form g = 2m q γ, where m q is the constituent quark mass, and γ is the effective strength of pair creation. While for the creation of strange quarks, the effective strength γ s =(m q /m s )γ is used, following Ref. [25] , we shall take γ=0.322. The masses of constituent quarks are chosen to be m u = m d = 0.33 GeV and m s = 0.55 GeV as usual. In the following, we first present the predictions for the bb spectrum in the nonrelativistic potential model of section III, then we include the coupled-channel effects, and the phenomenological implications are discussed.
A. Bottomonium spectrum in conventional non-relativistic potential model
As usual, we can determine the bare bb mass spectrum by solving the following Schrödinger equation numerically,
where E nl is the energy eigenvalue, the potential V (r) is the leading order one with V (r) = V cou (r) + V con (r) + C. The wavefunction Ψ nlm of the system is closely related to u nl (r) by
The mass splitting within the multiplets is determined by the spin-dependent term V sd (r), which is taken to be a perturbation. As a result, we need to calculate the expectation value of V sd (r) between the leading order wavefunction Ψ nlm , in order to get the bottomonium mass fine splitting. The only term which gives a nonvanishing contribution to n
fine splitting is the spin-spin term. Since the expectation value of S b · Sb in the 1 S 0 and 3 S 1 states is −3/4 and 1/4 respectively, the bare masses of S-wave states are
For the n
, the spin-orbital and tensor terms contribute as well. The corresponding bare masses are given by
Here . . . denotes the expectation value, which is defined in the same way as that in Eq. (22) .
The coefficients A J , B J , C J , D J , E J , F J , G J and H J for each case are listed in Table I .
Note that the tensor force T bb could lead to the so-called S−D mixing. However, the mass splitting induced by the S−D mixing is a second-order perturbation effect of the hyperfine interactions V sd , thus its contribution is rather small and hence is neglected here. We find that the numerical value δ (r) is extremely small except for the S−wave states, since it would be proportional to the zero point value of the wavefunction, i.e., it is exactly zero if we don't smear the hyperfine interaction. As a result, the following sum rules are satisfied quite well, 
the Particle Data Group (PDG) averages [40] . The parameters that follow from fitting these masses are α s =0.3840, σ=0.9155GeV/fm, C = −0.7825 GeV, m b =5.19 GeV and κ=2.3
GeV. In the classical Godfrey-Isgur quark model [41] , the effective strong coupling constant α s at the bottomonium scale and the string tension σ are determined to be about 0.25 and 0.18 GeV 2 respectively. Clearly the fitting value for σ is approximately the same as that in [41] , while α s is found to be somewhat larger than that of [41] . Note that α s is dissociated from the effective strong coupling constant determined by the hadronic width of the quarkonium in conventional potential models, it is only a purely phenomenological strength parameter of the short-range potential [19] . Given these values, we can predict the masses of the currently unknown bb states. The predicted spectrum is shown in Table III, and we see that the mass sum rules in Eq. (31)-Eq.(34) are really satisfied rather well.
B. Bottomonium spectrum with coupled-channel effects
Following the formalism presented in section II, we shall take the coupled-channel effects into account. By performing a fit to the 14 established experimental states given in Table   III , the best values of the parameters are determined to be α s =0.418, σ=0.818GeV/fm, C = −0.62376 GeV, m b =5.18 GeV and κ=2.85 GeV. Note that the value of α s here is larger than that in Ref. [41] , while σ is smaller than the fitting value of [41] . We can now straightforwardly evaluate the bare state masses, the mass shifts due to BB loops and the predictions for the bottomonium masses with coupled-channel effects included. The results are given in Table IV and Table V , where the bb component is presented as well. It can be seen that the mass sum rules in Eq. (31)-Eq. (34) remain approximately intact. In order to clearly see the predictions for the bottomonium spectrum, we further plot the predicted masses in Fig. 2 . From Table IV and Table V , we can see that the mass shifts are predicted to be close to each other, they are of order 100 MeV, although individual BB loops make different contributions to the mass shift of each state. Moreover, we see that the total BB components are rather large, they mostly scatter in the range of 0.1 ∼ 0.25. We conclude that the results for the hadronic loop contributions to the bottomonium states are consistent with the general loop theorem derived in Ref. [27] . We note that the mass shifts in the charmonium sector are predicted to be around 200 MeV [25] (a larger value of about 500 MeV was suggested in [27] ), and the two-meson continuum components can be as large as 0.5. Therefore the hadronic loop effects in bottomonium are much smaller than those in the charmonium sector.
In order to compare the mass spectrum in the non-relativistic potential model, we show the predicted mass with coupled-channel effects in Table III [44] .
Other interpretations such as final state interactions and so forth have been suggested as well [45] . In the same manner, if some new bottomonium-like state is observed by LHCb or SuperB in the future, we can determine whether the state could be accommodated as a conventional quark model state by comparing its mass with our predictions, and we can determine its assignment if it is.
Mixing between two bare bb states could arise through the hadron loop, provided that both bottomonium states could couple to the same intermediate BB state. Similar to the S−D mixing, this kind of mixing would introduce corrections to the mass of the physical bottomonium. However, its contributions are of higher order in the valence-continuum coupling Hamiltonian H I with respect to the loop contributions discussed above. Moreover, as is stated by the loop theorem of Ref. [27] , if the mass difference between various intermediate loop mesons is neglected, the mixing amplitude between two valence bb states vanishes unless both the orbital angular momentum and the spin of the two states are the same.
Concrete numerical calculations show that this mixing effect is really quite small [27] , and the same results are found in Ref. [25] . As a result, we have not considered this effect in the present work.
Finally, we note that although the bottomonium mass spectrums predicted in models with and without coupled-channel effects are not drastically different from each other, i.e., part of the hadronic loop effects can be absorbed into the redefinition of the model parameters, the underlying physics is different. In the scenario with coupled-channel effects, there are sizable BB components in the physical bottomonium states. As a result, the production and decay of bottomonium would be different from those predicted in the quenched quark model. The coupled-channel effects in hadronic transitions of bottomonium have been studied in Ref.
[46], and it was found that the inclusion of the coupled-channel effects can really improve the theory of hadronic transitions. The mixture of BB continuum may also be important in understanding some anomalous observations, since the same has turned out to be true in the charmonium sector [16, 19, 47, 48] . This topic deserves much laborious and complex work and is beyond the scope of the present work.
V. CONCLUSIONS AND DISCUSSIONS
Motivated by the recent experimental progress on the bottomonium spectrum,, we speculate that some bottomonium-like states may be observed in the future similar to the charmonium sector, particularly with the running of LHCb and SuperB. Because the coupledchannel effects are very important in understanding the nature of the newly observed charmonium-like states, such as X(3872), the same is expected to be true in the bottomonium sector. In this work, we investigate the hadronic loops effects in the bottomonium spectrum. The coupling between the valence bb states and the two-meson BB continuum is described in terms of 3 P 0 model. The mass shifts and the bb component of the physical bottomonium are calculated in detail. We find that the mass shifts for all states are similar to each other, they are around 100 MeV, although the contributions of individual loops are different for each state. The two-meson continuum BB components are found to be rather large as well. The hadronic loop effects in bottomonium turn out to be smaller than the ones in the charmonium sector. Moreover, we evaluate the mass spectrum in the conventional constituent quark model, where coupled-channel effects are not taken into account. We find that the hadronic loop effects can be partially absorbed into a reselection of the model parameters. Since the potential models both with and without coupled-channel effects don't predict a state with mass around 10890 MeV except for Υ(5 1 S 0 ) and Υ(5 3 S 1 ), we conclude that Y b (10890) should be an exotic state beyond the quark model, if it is confirmed to be a new resonance. Our prediction for the mass of χ b (3P ) states is consistent with the recent ATLAS measurement. Moreover, with the mass spectrum predicted in our work, we can determine whether a new bottomonium-like state observed in the future can be accommodated as a canonical bottomonium, and we can determine its assignment if it is.
Appendix A:
The derivation of the 3 P 0 matrix elements has been discussed in detail in Ref. [36] [37] [38] [39] .
Starting from the pair production Hamiltonian H I given in Eq. (17), one can straightforwardly evaluate the H I matrix element h f i for the transition A(bb) → B(qb) + C(bq) in terms of overlap integrals in flavor, spin and spatial spaces,
Here a and b represent two decay diagrams in which the produced quark goes into meson B and meson C respectively. In the present work, only the first diagram is allowed. Therefore we have the flavor factor I f lavor (a) = 1 and I f lavor (b) = 0, as is listed in Table II . The spin-space part of h f i is explicitly given by
where r = 
where P is the momentum of the final state mesons in the rest frame of meson A
To compare with the experiments, we transform the amplitude h f i into the partial wave amplitude M LS by the recoupling calculation [32] , then the decay width is
Since we neglect mass splitting within the same isospin multiplet, to sum over all channels, one should multiply the mass shift due to a specific hadronic loop by the flavor factor F which is listed in Table II . We take all spatial wavefunctions to be simple harmonic oscillator forms with β A being the oscillator parameter of the inital meson A and β B = β C for the final state mesons B and C. It turn out that the transition amplitude M LS is proportional to an overall Gaussian factor, it can be expressed as We note that our expressions are different from the results in Ref. [37] . The mass difference between the created quark and bottom quark and two oscillator parameters corresponding to initial and final states are considered in our expressions, and our results are more general than those in Ref. [37] . In the limit of β A = β B = β and r = 1/2, the amplitudes presented below coincide with those of Ref. [37] .
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Appendix B: Recursion relations between wavefunctions
In Appendix A, we present the amplitudes for the ground bottomonium states decaying into two S−wave final states. If the initial state is the radial excited bottomonium, the corresponding amplitudes can certainly be derived in the same way. However, it is interesting to notice that the radially excited wavefunctions can be related to the lowest radial wavefunctions by differentiation, [40] . M np denotes the prediction for the mass of the bb state in the conventional non-relativistic potential model presented in section III. M th is the theoretical prediction after the coupled-channel effects are taken into account. All the masses are in units of megaelectronvolts (MeV). 
